We determined the nucleotide sequence of the entire 1,010,525-bp insert contained in CEPH YAC clone 867e8. This human genomic segment was derived from chromosome 9q31.3 and corresponds to a G-band region. We compared this segment, in terms of structure, with a previously characterized 1,201,033-bp sequence in CEPH YAC936cl that had come from a portion of human chromosome 3p21.3 corresponding to an R-band region. The two segments were significantly different with respect to the frequency of transcriptional units, the types and numbers of repetitive elements present, their GC content, and the number of CpG islands. Alu elements, GC content, and CpG islands all showed positive correlations with the abundance of exons, but the distribution of LINEls did not. These observations might reflect an influence of the first three of these features on the functions or expression of genes in the respective regions. In addition to a novel gene (F36) lying at the centromeric end of the 9q segment, we found a cluster of placenta-specific genes within a small section (about 400 kb) on the telomeric side of YAC867e8. This cluster consisted of four apparently unrelated ESTs and two genes, pregnancy-associated plasma protein-A (PAPP-A) and a novel gene (tentatively named EST-YD1). Our characterization of the two chromosomal regions provided evidence that genes are not evenly distributed throughout the human genome, and that gene richness is correlated with the GC content and with the frequency of either Alu elements or CpG islands.
Introduction
fall into three major classes: DNA-based transposable elements, autonomous retrotransposons, and nonOnly about 3% of the human genome is com-autonomous retrotransposons.
1 ' 2 Highly repetitive seprised of exonic sequences; the remainder is composed q u e nces are very common in the human nuclear genome, largely of introns, simple repeated sequences, and mo-Alu sequences, the most abundant category of repeated bile elements or their remnants.
Mobile elements DNA elements in the human genome, belong to the class Communicated by Yoshiyuki Sakaki of non-autonomous retrotransposons and are primate-* To whom correspondence should be addressed. Tel. +81-specific. LINE1 sequence (long interspersed nuclear el-3-5449-5372, Fax. +81-3-5449-5433, E-mail: yusuke@ims.u-e ment), one of two subclasses of autonomous retrotranstokyo.ac.jp [Vol. 6,  posons, is found in all mammals. Although the functions of repeated elements are not clear, some of them are known to affect expression or function of genes even to the extent of causing human diseases. 3~6 Hence disclosing the fundamental properties of the vertebrate genome, namely the distribution of genes and associated functional features, has become a serious subject for investigation. As part of the Japanese Human Genome Project our group has been performing large-scale DNA sequencing, and we previously completed and characterized the nearly 1.2-Mb DNA sequence on chromosome 3p21.3 corresponding to the human genomic DNA insert present in CEPH YAC936cl. 7 In the work reported here, we characterized the 1-Mb genomic segment of 9q31.3 corresponding to CEPH YAC867e8, and performed statistical and fluorescence in situ hybridization (FISH) analyses in both chromosomal segments to examine whether correlations exist between exon density and genomic structure or between gene richness and the type of chromosomal band.
Materials and Methods

Genomic clones and libraries
Clone 867e8 was obtained from the CEPH YAC library. We established a cosmid library from this YAC according to methods described previously, 8 isolated a large number of clones, and constructed three cosmid contigs. The two gaps were filled with a BAC clone and with PCR products obtained using the YAC DNA as a template. The PCR products were subcloned into pBluescriptllSK(-) and sequenced.
DNA sequencing
We sequenced 41 genomic clones covering approximately 1010 kb of YAC867e8, by combining shotgun cloning with the primer-walking method. Briefly, these 41 clones were fragmented by sonication and DNA fragments of 1.5-6.0 kb were subcloned into pBluescriptllSK(-). Two hundred randomly selected clones were sequenced at both ends with T3 and T7 dye terminators in an ABI Prism 377 DNA sequencer (Applied Biosystems), and the sequences were assembled by means of the ABI "Assembler" computer software. Gaps between assembled segments were connected by direct sequencing, using primers designed from end sequences of the assembled segments.
Isolation of cDNA
We initially analyzed the final sequence against three databases (EMBL, GenBank, and DDBJ) using the FASTA and BLASTN 9 programs. We also searched for coding elements from the target region with two exon-prediction computer programs, GRAIL2 and GENSCAN, 10 ' 11 and performed exon-connection experiments 12 by reverse-transcriptase PCR (RT-PCR) to investigate whether the predicted candidate exons were actually transcribed. The RT-PCR protocols were performed as described previously. 13 Then we screened human cDNA libraries using each exon-connected product as a probe, and when necessary performed 5' and 3' rapid amplification of cDNA ends (RACE) with cDNA fragments using the Marathon cDNA amplification kit (Clontech), according to the manufacturer's instructions.
2.4-Northern blot analysis
Human multiple-tissue blots (Clontech) were hybridized with each cDNA fragment, labeled by randomoligonucleotide priming. Pre-hybridization, hybridization and washing were performed according to the supplier's recommendations. The blots were autoradiographed and analyzed with a BAS 1000 image analyzer (FUJI).
Fluorescence in situ hybridization
We performed FISH as previously described 14 to confirm the chromosomal locations of the human DNA present in YACs 867e8 and 936cl, cosmids containing cDNA sequences, a BAC clone, and two "long and accurate" (LA)-PCR products obtained to fill gaps in the contig. For delineation of G-banding patterns, metaphase chromosomes were prepared by thymidine synchronization and bromodeoxyuridine release, and placed on microscope slides. Genomic clones were labeled with biotin-16-dUTP (Boehringer) by nick-translation and hybridized to the denatured chromosomes. Hybridization signals were rendered visible with FITC-avidin (Boehringer). Precise assignments of the signals were determined by visualization of the replicated G-bands. A multi-color FISH method was also applied for physical ordering of adjacent cosmid clones on 9q and 3p.
Computational analysis of genomic sequence
Repetitive elements including Alu and LINE1 sequences were identified by the Censor program with Repbase (Release 5.0). 15 These computational analyses, and identification of CpG islands, were integrated and visualized on GeneScope software. 16 
Results
Mapping of YAC and cosmid clones
To prepare templates for sequencing of YAC867e8, we first constructed a cosmid library from this YAC, and isolated clones containing human DNAs by colony hybridization using 32 P-labeled total human genomic DNA as a probe. By repeated Southern hybridizations, as described by Murata et al., 8 we generated a physicalcontig map covering nearly 1010 kb of genomic sequence although two gaps remained. To fill the gap between cosmid clones 10 and T7A2, we screened a human BAC, (Fig. 1A) . FISH, using as probes YAC867e8, some of the cosmids, the BAC-YD1 clone, and the two LA-PCR products confirmed that all of these clones were derived from chromosome 9q31.3.
Physical mapping and characterization of genomic sequences
By means of shotgun cloning and primer walking, we determined the sequence of a total of 1,010,525 nucleotides from chromosome 9q31.3. The average GC content of this segment was 38.4%, which corresponds to an LI isochore. 17 A total of eight CpG islands, which are frequently associated with the 5' upstream regions of housekeeping genes and some tissue-specific genes, 18 ' 19 were detected in this region by analysis with GeneScope 16 ( Fig. 1C) . Database searches confirmed the presence of six D-segments (STSs) in this 1-Mb region. A total of 12 (CA)n microsatellites were present, as well as 346 copies of other repetitive elements (171 copies of Alu and 175 copies of LLNE1) were detected (Fig. 1, D and E).
Identification of genes
To construct a transcription map, we analyzed the sequenced region with two exon-prediction computer programs, GRAIL2 and GENSCAN, and with the homology search programs, FASTA and BLASTN. 9 " 11 We were able to find 17 ESTs that matched DNA sequences in this 1-Mb region. So far we have confirmed the presence of two novel genes, F36 and EST-YD1 (tentative name), one known gene (PAPP-A), and four independent expressed sequence tags (ESTs). Figure IB shows the locations of all detected transcriptional units, including the three genes, on the physical contig covering the sequenced region of 9q.
3-4-Characterization of a placenta-specific gene (EST-
YDl) encoding a 9-kD protein Assembly of two of the ESTs detected by the FASTA and BLASTN searches, R22285 and R22229, revealed that both fragments belonged to the same transcript, and the sequence included one candidate exon predicted by GRAIL2 with an "excellent"' score. A comparison of genomic sequences with the combined EST sequence revealed that the gene spanned approximately 16 kb of genomic DNA and consisted of five exons. On Northern blots a 0.8-kb transcript was specifically expressed in placenta (Fig. 2) , and we tentatively designated this gene EST-YD1. The cDNA contained an open reading frame (ORF) of 258 bp encoding an 86-amino acid peptide (nucleotide and amino acid sequences of cDNA and exon-intron boundaries are not shown here, but are available from GenBank; accession numbers are AB021923 and AB020875, respectively). The predicted coding sequence of this gene was defined by the following criteria: (i) a stop codon was present in the reading frame 5' to the putative ATG start site; (ii) multiple stop codons were present in the non-coding frames 3' to the start site; (iii) multiple stop codons in all three reading frames lay 3' to the putative terminal TAG stop codon. A search with the FASTA program revealed no significant homology between the predicted 9-kD protein and any archived molecule in the public databases.
One of the genes identified in the 1010-kb region corresponded to the pregnancy-associated plasma protein-A gene, PAPP-A. 20 ' 21 We found it by sequencing genomic DNA between cosmids 71 and 100 (exon-intron boundaries are not shown here, but are available from GenBank; accession number is AB020878). The 5' portion of this gene, spanning approximately 150 kb on our cosmid contig, contained six exons and lay about 200-kb telomeric to EST-YD1, in opposite orientation.
All four expressed sequence tags (ESTs) isolated from the 200-kb segment between EST-YD1 and PAPP-A were expressed in a placenta-specific manner (data not shown). To examine whether these ESTs were parts of a single transcript, we synthesized oligonucleotides corresponding to the candidate regions and performed exonconnection experiments. RT-PCR revealed that all four segments belonged to separate transcripts, although in some of them we detected no in-frame ORF.
Discussion
The nearly 1-Mb segment of chromosome 9q31.3 sequenced in the experiments reported here included 12 (CA)n dinucleotide microsatellites and contained 346 copies of repetitive elements (Alu or LINE1) that together accounted for 9% of the entire sequence. The overall GC content was 38.4%; in the transcribed regions it was 52.1%. We had previously determined the nucleotide sequence of a 1.2-Mb genomic segment corresponding to a region on chromosome 3p21.3.
7 ' 22 In comparison to the complete 1.2-Mb DNA sequence at 3p21.3, the 1-Mb region examined at 9q31.3 possessed a significantly different genomic structure in regard to features such as the frequency of transcriptional units (gene density), the types and quantities of repetitive elements, the GC content, and the number of CpG islands (Fig. 1, Table 1 ). In comparison with the R-band 3p21.3 sequence, there were fewer definitely identified genes on 9q31.3 (3 vs. 14, respectively). The G-band region on 9q31.3 also contained significantly fewer copies of the Alu sequence (171 on 9q31.3 vs. 437 on 3p21.3). The copy number of LINE1 sequences was similar on both chromosomes (175 vs. 153 copies), although LINE1 elements on 9q31.3 accounted for 5.3% of total DNA on the fragment as opposed to 4.1% on 3p21.3. The GC content of 9q31.3 was lower (38.4% vs. 44.0%) and there were fewer CpG islands (8 vs. 37) compared to the 3p21.3 region. To investigate the significance of these differences, we divided each sequence into non-overlapping 100-kb segments to estimate the standard deviation of the density of each feature. When a two-sample paired t-test was applied, there were significant differences (p < 0.05) in the numbers of exons, Alu sequences, and CpG islands, as well as in GC content, but not in the number of LINE1 sequences (Table 2) .
To examine whether the differences reflected general tendencies of gene-rich regions, the densities of exons versus each of the other sequence features were plotted for each 100-kb segment (Fig. 3) . Due to extremely low gene content in the 9q31.3 region, little or no tendency was observed there, but some correlations could be found in the 3p21. Of course, different correlation coefficients might be obtained by using a window size other than 100 kb. When we changed the analyses to incorporate a range from 70 to 200 kb, we found that the largest absolute values of correlation coefficients could be obtained with a window size of 170 kb for both Alu (r = 0.55) and LINE1 (r = -0.69) in the tested region of 3p21.3. To confirm these correlations further would require genomic sequences more than 200 kb long, but the results already suggest that Alu elements but not LINEls tend to cluster in gene-rich regions. Although no direct relationship between exons and repetitive elements has been clarified, the correlation we observed might reflect some influence of such elements on the function or expression of nearby genes.
In situ hybridization of DNAs from human compositional fractions 23 ' 24 has shown that: (1) G (Giemsapositive) bands are formed almost exclusively by GCpoor isochores (LI and L2: an average GC content of less than 40%), with only a minor contribution of GCrich isochores from the HI (44%-45% GC) family; (2) T-bands are formed mainly by isochores of the H2 (48%-49% GC) and H3 (53%-54% GC) families; and (3) R' bands, defined as R-bands exclusive of T-bands, comprise both GC-rich isochores (mainly of the HI family) and GC-poor isochores in almost equal amounts. We precisely mapped the gene-rich region of 3p to chromosome 3p21.3, corresponding to an R-band, and the gene-poor region of 9q31.3 to a G-band (data not shown). These [Vol. 6. results are consistent with previous reports. The relationship shown here between human chromosomal bands and genomic composition as regards the density of transcriptional units, repetitive elements, and CpG islands is, however, a novel rinding which cannot be deduced simply from classical cytogenetic and/or compositional mapping data.
In this study we located three genes at 9q31.3, including the pregnancy-associated plasma protein-A gene (PAPP-A). This known gene, as well as a novel cDNA (EST-YD1) and four ESTs, all located on a 400-kb telomeric segment of YAC867e8, were specifically expressed in placenta. We confirmed that all four of the EST segments belonged to separate transcripts although in some of them no in-frame ORF has been detected so far. We suggest several possible explanations for this result: (1) each EST might be part of a non-coding region of a transcript whose full-length cDNA could not be isolated due to a low level of expression; (2) the ESTs might be oneexon genes with short coding sequences; or (3) they might be transcripts that do not result in functional proteins. Our sequencing results suggested that the two placentaspecific genes and some of the ESTs might share a promoter. To our knowledge this is the first reported case of a specific genomic region that regulates pregnancy-or placenta-specific transcriptional units.
